Abstract. Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), the primary receptor for ox-LDL in endothelial cells, is a multi-ligand scavenger receptor that plays a crucial role in the pathogenesis of atherosclerosis and cardiovascular disorders and recently identified as a tumor marker. LOX-1 is naturally present in caveolae/lipid rafts in plasma membranes and disruption of these membrane domains by cholesterol-lowering drugs leads to a spatial disorganization of LOX-1 and a marked loss of specific LOX-1 function in terms of ox-LDL binding and internalization. Moreover, cholesterol depletion triggers the release of LOX-1 in exosomes and enhances shedding of LOX-1 ectodomain.
Introduction
Cholesterol is the major sterol present in animal tissues and is an essential component of cell membranes. It is involved in many cellular processes, such as membrane trafficking, endocytosis, signal transduction, myelin formation, ions transport, synaptogenesis and steroid hormones biosynthesis. It regulates the biological properties of cell membranes since it reduces membrane fluidity and permeability by compacting phospholipids. It also defines the functional properties of membrane-resident proteins such as scavenger, transmitter and growth factor receptors [13, 56] .
Normal cells obtain cholesterol from two sources: endogenous synthesis and receptor-mediated uptake of circulating low-density lipoprotein (LDL). These particles contain about 1600 molecules of cholesteryl esters and 170 triglyceride molecules, forming a central lipophilic core surrounded by an outer monolayer, comprised of about 700 phospholipid molecules (mainly phosphatidylcholine and sphingomyelin), 600 molecules of unesterified cholesterol, a variable amount of antioxidants and 1 molecule of ApoB-100 protein [32] . The internalized LDL is endocyted and traffics to lysosomes where the cholesteryl esters are hydrolyzed, and the cholesterol is released for new membrane synthesis. At low cholesterol levels, cells activate the gene for HMG CoA reductase, the rate-controlling enzyme in the cholesterol biosynthetic pathway, as well as the genes for LDL receptors thereby allowing cells to synthesize cholesterol [23] . When cellular cholesterol levels rise, transcription of the LDL receptor gene decreases. This feedback system keeps the level of cholesterol in cell membranes constant [11] .
Over the years, cholesterol has gained a bad reputation in the world of health and nutrition, especially because of its association with cardiovascular diseases. Elevated cholesterol levels were associated with an increase in the incidence of heart attacks, and the uptake of LDL by macrophage with the consequent foam cell formation was identified as the link between elevated levels of serum LDL and heart disease. When circulating LDL increases to high levels in plasma for a prolonged time, it eventually settles in arteries creating atherosclerotic plaques [11] . Under pathological condition, LDL deposits in vascular tissue are rapidly converted to modified-LDL by reactive molecular species generated by the endothelium, smooth muscle tissue and migratory lymphocytes. The oxidation of LDL is a complex process, which involves changes to both protein and non protein moieties [48, 64] . During oxidation, free radicals react with the polyunsaturated fatty acids (mostly arachidonic acid and linoleic acid) present in the outer core of lipoprotein particles, while ApoB-100 undergoes to an extensive fragmentation due to non-enzymatic oxidative cleavage, mainly on histidine, lysine and proline residues [1, 20] . The major consequence of oxidation is the increase of negative charges on LDL surface, which is crucial for receptor recognition. After oxidation, LDL becomes unrecognizable by the LDL receptor, but binds to several scavenger receptors (SR), including SR-A I/II, CD36, SR-BI, FcgRII and lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) [35] .
LOX-1 was originally identified as the main receptor of ox-LDL in endothelial cells [62] . Under physiological conditions, basal cellular LOX-1 expression is low in most tissues, while it is up-regulated in several pathophysiological processes such as inflammation, atherosclerosis, obesity and diabetes [59, 68] . In this context, LOX-1 and ox-LDL contribute to plaque rupture in atherosclerosis by promoting lipid accumulation, oxidative stress, pro-inflammatory response, release of metalloproteinases and apoptotic cell death.
In this review, we consider the involvement of cholesterol in normal LOX-1 receptor function and its impact on cardiovascular pathologies and concentrate on recent findings indicating LOX-1 as a potential therapeutic target for atherosclerosis, inflammation processes, myocardial infarction and cancer. Moreover, we describe the cell model system, which allows the overexpression of the human LOX-1 receptor mimicking the pathological conditions, and the fluorescent-based assay used for studying the ox-LDL-LOX-1 receptor binding and internalization.
LOX-1 receptor
LOX-1 receptor belongs to the C-type lectin-like receptors family. It is a type II membrane glycoprotein composed by 273 residues and four domains: a short N-terminal cytoplasmic domain (CYTO, 34 aa), a single transmembrane domain (TM, 26 aa), an extracellular region consisting of a coiledcoil domain named NECK (82 aa), and a C-type lectin-like domain (CTLD, 131 aa) at the C-terminus (Fig. 1) [53, 54, 62] . The CTLD domain forms a disulfide-linked heart-shaped homodimer, which assembles in larger functional oligomers through non-covalent interactions [6, 53, 54] . The crystal structure of the human LOX-1 receptor revealed the presence of arginine residues, forming a basic spine located on the CTLD and crossing the entire dimer, which are engaged in the ligand binding [53, 54] . Molecular dynamics (MD) simulations evidenced that mutations of the basic spine residues Trp150 and Lys167 markedly reduces LOX-1 binding activity [5, 18, 52, 53] . A hydrophobic tunnel runs through the center of the CTLD ( Fig. 1(B) ). The tunnel access is surrounded by a quasi-conical surface where hydrophilic [4] ). The protein is represented by a blue ribbon inside a transparent surface, while membrane is depicted using stick model phospholipids.
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and hydrophobic patches are scattered. Mutations of residues that obstruct the tunnel and the presence of phospholipids that can interact with residues in the tunnel, significantly prevent the binding ability of LOX-1 receptor [19, 21] . The NECK domain appears as a dimer consisting of two α-helices wound in a parallel coiled-coil structure and displays specific residues, which functionally modulate the flexibility of this region [30] .
LOX-1 is encoded by a single gene, orl1, mapped on human chromosome 12p12.3-p13.2 [2] . Genetic association studies have identified various polymorphisms (SNPs, single nucleotide polymorphisms) in orl1 gene [40] , which are associated to an increased susceptibility to acute myocardial infarction. These SNPs modulate the expression of a splicing isoform of LOX-1 receptor, named LOXIN, which protects macrophages against ox-LDL-mediated apoptosis [40] . LOXIN is deficient in ox-LDL binding activity but interacts with LOX-1 receptors inhibiting its function through the formation of non-functional hetero-oligomers [6] .
LOX-1 receptor recognises a wide range of negatively charged substances. In addition to ox-LDL, these ligands include activated platelets, apoptotic bodies, bacteria, advanced glycation end products (AGEs), heat shock proteins (HSP60 and HSP70) and C-reactive protein (CRP) [62, 68, 70] . Beside endothelial cells, LOX-1 is expressed in several cell types including smooth muscle cells, fibroblasts and platelets [16, 46, 69] . Under physiological conditions, it is expressed at low level and it plays a versatile role in innate immunity or infections and may be involved in the removal of cellular debris and aged/apoptotic cells from blood circulation. LOX-1 expression is induced by ligand binding via intracellular signaling in multiple pathological states, such as atherosclerosis, obesity, inflammation and in cellular transformation and carcinogenesis [14, 26] . Its activation triggers the oxidative stress response causing plaque vulnerability and potential rupture, which leads to acute atherothrombotic vascular occlusion and tissue infarction [37, 59] . The higher local concentration of ox-LDL, together with the higher expression of LOX-1 receptor, in atherosclerotic lesions, provides a molecular basis linking ox-LDL to endothelial cells and the resultant cellular activation, dysfunction, and injury. In animal models, deletion of orl1 gene in Ldlr knockout mice results in much smaller atherosclerosis lesions, drastic reduction of inflammation in aortic wall and of the extent of ischemia/reperfusion injury [28, 45] . LOX-1 is also expressed on the surface of immune cells such as denditric cells and macrophages, where it contributes to inflammatory responses and foam cells formation, respectively [51] . Ox-LDL binding to LOX-1 receptor induces the activation of membrane-bound NADPH oxidase leading to a rapid increase of reactive oxygen species (ROS) and the consequent induction of the redox-sensitive NF-kB pathway [59, 68] . Among the effects of the activation of NF-kB is the enhancement of pro-inflammatory cytokine and chemokine expression, such as MCP-1, VCAM-1, ICAM-1, E-selectin and P-selectin, with an increase of monocytes recruitment to endothelial cells [68] .
More recently, different studies have shown a correlation between increased serum ox-LDL levels and risk of cancer. Several lipid metabolic genes, including orl1, are consistently overexpressed in diverse cancer cell lineages and, importantly, the expression of these genes is critical to cellular transformation, as well as in maintaining the transformed state. A meta-analysis of gene expression profiles of 950 cancer cell lines stored in the Gene Expression Atlas at the EMBL-EBI database (http://www.ebi.ac.uk/gxa/ gene/ENSG00000173391#) reveals that the LOX-1 gene is up-regulated in 57% of bladder and cervix cancer cells, 11% of mammary gland cancer cells, 10% of lung cancer cells, and in 20% of colon rectal cancer (CRC) cells [24, 26, 47] . The expression of LOX-1 is modulated since the early stage of tumor development, suggesting a potential role in the insurgence and progression of the disease and associated with more aggressive and metastatic stage tumors. As in atherosclerosis, the ox-LDL-LOX-1 interaction activates the inflammatory pathway through NF-κB activation [39] increases the expression of proatherogenic molecules such as VEGF, MMP-2 and MMP-9 and, in cancer cells stimulates proliferation [24] . Depletion of LOX-1 receptors protects against tumorigenicity, motility and growth of these cells [26, 47] .
Altogether, these findings suggest that therapies for the inhibition of LOX-1 receptors may be effective in reducing the rate of atherosclerotic, inflammation processes and cancer progression.
A cell-based assay for measuring LOX-1 function
Receptor oligomerization is a common mechanism by which cell surface receptors increase the avidity of ligand binding. This is true, for example, for the TNF family of receptors, G-protein coupled and receptors for advanced glycation end products (RAGE) [8, 55, 67] . Multimerization and cluster organization in plasma membranes are important requisites also for LOX-1 high affinity binding of ligands, as demonstrated in vitro and in vivo [5, 6, 12, 42, [52] [53] [54] . In fact, comparing the size of LOX-1 CTLD (≈70 Å) with the ox-LDL diameter (≈250 Å), it seems realistic that the LOX-1 binds to ox-LDL as an assembly of clustered receptors.
To investigate the ligand binding function of cell surface LOX-1 receptors in cells, we have set up a cell-based assay. The human recombinant LOX-1 was transiently transfected in COS fibroblasts and found to be correctly expressed and localized [6] . The LOX-1-ox-LDL binding in this cell system can be monitored by labeling ox-LDL with the highly fluorescent lipophilic dye 1,1 -diocadecyl-3-3-3 ,3 -tetramethyl indocarbocyanine perchlorate dye (DiI), that diffuses into the hydrophobic portion of the LDL complex without affecting the LDL-specific binding of the apoprotein. Figure 2(A) shows a representative image of DiI-ox-LDL (red fluorescence) binding (1 h at 4°C) to LOX-1 expressing COS cells. Since COS cells do not express endogenous LOX-1, only transfected cells specifically bind labelled ox-LDL. The binding specificity is confirmed by incubating with 100-fold excess of cold ox-LDL, which completely abolishes DiI-ox-LDL binding to LOX-1 ( Fig. 2(B) ). This cell system allows a high transfection efficiency (about 40-50% of transfected cells) and a very strong expression level of LOX-1 receptors on cell membrane, mimicking the in vivo characteristics of pathological states. Taking advantage of this assay, the efficacy of potential inhibitors and treatments to displace the binding of fluorescent DiI-ox-LDL to LOX-1 can be measured: (i) by counting positive DiI-ox-LDL fluorescent cells and/or 
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(ii) by extracting bound DiI-ox-LDL from positive stained cells with isopropanol and spectrofluorometric analysis [7] . The assay allows quantifying the inhibitory effect, being 100% of binding the amount of fluorescence in not-treated cells. Most of the experimental studies on the effect of cholesterol level on LOX-1 activity described below have been performed with this cell-based system.
LOX-1 localization and membrane cholesterol
The role of cholesterol in cellular function has gained interest after the proposal of the lipid raft hypothesis [43, 63] . Lipid rafts are small (200 nm) heterogeneous, highly dynamic, cholesterol-and sphingolipid-enriched domains that compartmentalize cellular processes. In biological membranes, mixtures of saturated and unsaturated lipids separate into macroscopic domains of a liquid-ordered (lipid rafts) and a liquid-disordered phase. The raft phase is enriched in both cholesterol and saturated lipids; the non-raft phase consists mainly of the unsaturated lipids and is poor in cholesterol [61] . Initially proposed to function in protein sorting events in polarized cells, lipid rafts function as platforms that concentrate and segregate proteins within the plane of the bilayer [57] and regulate membrane trafficking in both the exocytic and endocytic pathways, cell migration, and a variety of cell signaling cascades [10] . To the formation of lipid rafts, lipid-lipid interactions are important, with cholesterol playing a special role on keeping these domains together [3] . Specific membrane proteins preferentially associate with one type of domain or the other. The presence of lipid rafts enhances protein-protein interactions for proteins contained within the same raft while inhibiting others by segregating raft-and non-raft proteins.
We have investigated the requirement of cholesterol for LOX-1 surface distribution and function and found that LOX-1 is mainly localized in caveolae/lipid rafts in the plasma membrane [42] . This finding was based on several well-established raft analysis techniques. First, LOX-1 receptors co-localize with filipin, a fluorescent marker of membrane cholesterol. Second, cholesterol sequestration by methyl-β-cyclodextrin (MβCD), which specifically extracts cholesterol from the plasma membranes [29] , induces the mislocalization of LOX-1 in membranes. LOX-1 molecules result to be in a more diffuse distribution without a reduction of the amount of receptors exposed on the cell surface, as depicted in Fig. 3 .
By fractionation of cellular membranes and purification of cholesterol-rich lipid rafts we were able to show that functional LOX-1 is found almost entirely in a fraction containing caveolin-1, a marker of the caveolae/lipid raft fraction, in all LOX-1 expressing cell types including human primary endothelial cells [42] .
Statins regulate LOX-1 expression and function
Statins are a family of cholesterol-lowering drugs used to lower total and LDL cholesterol. They were initially isolated from a penicillium mold as inhibitors of 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase, the first enzyme in the cholesterol biosynthetic pathway [17] . Nowadays, statins are the principal therapeutic agents for atherosclerotic cardiovascular diseases and dyslipidemias. The protective effects of statins include prevention of endothelial dysfunction, enhanced plaque stability, anti-inflammatory effects, and correction of prothrombotic tendencies.
Notably, a long term exposure with different statins (lovastatin, atorvastatin, fluvastatin and pravastatin) results in a chronic inhibition of cholesterol biosynthesis and leads to a marked reduction of LOX-1 in lipid rafts and consequent reduction of ox-LDL binding and uptake [42] . In Fig. 4(A) histograms show quantification of DiI-ox-LDL binding measuring fluorescence by spectrofluorometer of cells treated with 
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2 µM lovastatin (Lov), atorvastatin (Ato), fluvastatin (Flu) and pravastatin (Pra) for 24 hours. Inhibition of the intensity of the signal of DiI-ox-LDL bound to LOX-1 compared to the control value (Ctrl) is very strong, reaching 64% reduction of LOX-1 binding after treatment with fluvastatin. This new effect of statins on LOX-1 inhibition indicates that statins protect vascular endothelium against the adverse effect of ox-LDL by loss of LOX-1 receptor function [42] . Although several studies have already reported the effects of statins on LOX-1 expression in animal and cellular models, none of these reports has focused on the relationship between the potent cholesterol lowering effect of statins and LOX-1 function. In particular, statins induce a decrease in LOX-1 expression and ox-LDL uptake in human coronary artery endothelial cells [36, 38] , monocytes and macrophages [16, 27] , aortic SMCs [27] , and platelets [41, 60] . In endothelial cells, inhibition of LOX-1 by statins is associated with multiple anti-atherosclerotic effects, such as reduced uptake of ox-LDL, decreased apoptosis of endothelial cells, reduced monocyte-EC adhesion, up-regulation of eNOS, and inhibition of Ang-II-converting enzyme (ACE) expression [33, 36, 38, 44] . Administration of rosuvastatin reduces the up-regulation of LOX-1, associated NADPH oxidase and NF-κB activation in LDLR −/− mice [33] . Simvastatin was found to suppress LOX-1 expression, ERK activation and to induce inhibition of proliferation of vascular smooth muscle cells in response to mechanical stretching with or without ox-LDL [71] .
Although decrease of circulating or membrane-associated cholesterol is considered the principal beneficial effect of statins, these drugs also have cholesterol-independent responses. Thus, inhibition of the early step in cholesterol biosynthesis leads in turn to the inhibition of the synthesis of isoprenoid intermediates, which act as lipid anchors required for membrane tethering and activation of several proteins such as heterotrimeric G proteins and small GTP-binding proteins (in particular the family of Ras, Rho, Rap and Rab GTPases) [66] .
We have further investigated the statin-mediated LOX-1 inhibition mechanism and found a new pleiotropic effect of statins, i.e. a direct interaction with LOX-1. All tested statins (lovastatin, atorvastatin, fluvastatin and pravastatin) are able to displace the binding of fluorescent ox-LDL to LOX-1 inhibiting LOX-1 activity [7] . In detail, short exposure with different statins at 4°C and for a time length not sufficient to induce any cholesterol synthesis reduction (60 min), results in a very marked decrease of ox-LDL bound to LOX-1 (Fig. 4(B) ). Incubation with 2 µM lovastatin induces a reduction of DiI-ox-LDL bound to LOX-1 of 62% compared to the control value (100%), while atorvastatin, fluvastatin and pravastatin reduce the fluorescence signal of 45%, 46% and 41% respectively. The ability of LOX-1 to adapt to various molecules is expected, being LOX-1 a scavenger receptor, involved in the removal of many foreign substances and waste materials by extensive ligand specificity.
Molecular docking simulations indicate that statins completely fill the hydrophobic tunnel that crosses the C-type lectin-like (CTLD) recognition domain of LOX-1, blocking the binding to natural substrates, including ox-LDL [7] . As mentioned above the hydrophobic tunnel plays a crucial role in the recognition of ox-LDL and other ligands. Single aminoacid mutations on Ile149, which points to the empty space in the center of the tunnel, leads to a marked inhibition of the binding of ox-LDL and a series of oxidized phospholipids [19, 21] . Similarly to these compounds, our experimental and simulative investigation confirms that statins completely fill the hydrophobic tunnel using a common mechanism and that residue Ile149 is always involved in stabilizing contacts with these drugs [7] .
Cholesterol level modulates LOX-1 shedding
Previous studies have shown that high levels of ox-LDL up-regulate LOX-1 receptor expression at the cell surface and enhance the proteolytic ectodomain shedding of a soluble form of LOX-1 (sLOX-1) [49, 58] . This molecule has been identified in conditioned media and can be measured in serum and plasma. Although the significance of the soluble form of the receptor in circulating blood and the mechanisms of sLOX-1 release remain unclear, sLOX-1 appears to be a biomarker for acute coronary syndrome [25] , for rheumatoid arthritis [31] , for rupture of thin-cap fibroatheroma [34] , for preeclampsia [65] and an early predictor of the metabolic syndrome [15] . A cleavage site within the NECK domain between Arg88 and Gln89 has been experimentally detected [4] .
We have recently demonstrated that membrane cholesterol affects the release of different forms of LOX-1 in cells transiently and stably expressing human LOX-1 and in human permanent vein umbilical endothelial cells (EA.hy926) [22] . In detail, cholesterol depletion triggers the release of (i) LOX-1 in exosomes as a full-length transmembrane isoform and (ii) sLOX-1, the truncated ectodomain soluble fragment. Reduction of membrane cholesterol content and disruption of lipid rafts and caveolae facilitate sLOX-1 shedding. It was found that LOX-1 shedding is a metalloprotease-dependent process, possibly performed by a soluble matrix metalloproteinase, although the identification of the specific enzyme is still under study [22] . The previous observation that cholesterol promotes LOX-1 clustering in lipid rafts [42] envisages the possibility that clustering of LOX-1 in lipid rafts protects LOX-1 from proteolytic attack.
Conclusions
LOX-1, the main receptor for ox-LDL in endothelial cells, plays a crucial role in atherogenesis and inflammation processes. High circulating cholesterol level leads to production of ox-LDL particles, the natural substrate of LOX-1 that in turn induce up-regulation of LOX-1 receptors. High cholesterol also leads to the increase of membrane-associated cholesterol, stabilizing the raft localization of functional LOX-1 receptors. Both the decrease of cholesterol and the inhibition of LOX-1 function may be effective in reducing the rate of atherosclerotic and inflammation processes. Specific LOX-1 receptors inhibitors are not yet available and urgently necessary.
Accumulating evidence highlights a new beneficial effect of cholesterol-lowering drugs (statins) on blocking LOX-1 function with two distinct mechanisms: (i) by disrupting cholesterol-enriched regions of cell membranes, affecting LOX-1 localization and function and (ii) by a direct interaction of statins with the CTLD recognition domain of LOX-1. It is worth noting that a number of clinical investigation strongly support that statins have a marked beneficial effect in preventing myocardial damage after coronary angioplasty [9, 50] . The description of these new pleiotropic effects of statins on LOX-1 function provides the basis for further studies opening a new field of investigation about possible different uses of these drugs and therapeutic intervention.
